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Abstnwrt 

Short  (>300  ps)  pulses  of  stimulated  emission  woe 
found  from  powders  of  NdAl3(B03)4 .  NdSC}(BC>3)4 ,  and 
Nd:Srj(P04)3F  laser  ciystals  under  532  nm  and  805  nm 
excitatioa  Study  of  stimulated  emission  in  the  mixture 
of  two  powders  has  shown  that  different  conqwnenls 
influenced  each  other.  The  main  features  of 
ejqreiimentalfy  observed  stimulated  emission  are 
described  wi^  a  simple  riK>deI  accounting  for 
excited  state  concentration  and  emission  energy  densi^. 

Keywords 

Rare  earth  and  transition  metal  solid-state  lasers  (432); 
Laser  theory  (86);  Scattering  by  particles  (2157); 
Microstracture  devises  (454). 

Introduction 

In  1986  Markushev  et  al.  ^  showed  that  a  powder  of 
Na5Lai.xN(L(Mo04)4  at  liquid  nitrogen  temperature 
pumped  at  X=575-590  run  exhibited  a  laser-like 
behavior  without  an  external  cavity.  After  sonre 
threshold  pump  energy,  the  Nd  emission  spectnun 
narrowed  to  a  single  intense  line  and  short  emission 
pulses  rq>peared  in  response  to  a  30  ns  Q-switched  laser 
pulse.  In  succeeding  papers  by  the  same  group  the 
spectral  and  temporal  behaviors  the  emission  pulses 
were  studied  in  more  detail  in  various  Nd  doped 
crystals.  Laser-like  behavior  of  Nd  emission  in 
pofycrystals  of  NdxLai-xPsOn  and  powders  of 
(NdCl3:6H}0)  was  first  demonstrated  in  Ref  ^  at  room 
terrqrerature.  In  the  same  work  emission  pulses  above 
the  threshold  were  found  to  be  of  low  coherence. 

The  short-spike  formation  and  narrowing  of  the 
emission  spectrum  is  thought  to  be  due  to  collective 
behavior  of  mar^  particles,  where  emission  is  amplified 


in  the  gain  medium.  The  diffusion  of  photons  in  gain 
scattering  medium  was  studied  by  Letokhov  in  Ref  s. 
However,  a  detailed  explanation  of  the  phenomenon  is 
not  currently  avail^le  in  the  literature. 

From  the  practical  point  of  view,  the  study  of  laser¬ 
like  emission  in  powders  is  very  interesting  because  of 
potential  applications  of  conqxret,  low-cost,  and  very 
simply  designed  lasers  based  on  powders  of  laser 
crysh^,  which  do  not  need  atiy  mirrors  and 
adjustment. 

Experimoital  measurements 

In  the  ejqreriment,  we  studied  powders  of  the 
NdAl,(B03)4 ,  NdSc,(BOj)4  ,  and  Nd(2%):Sr,(P04)3F 
(Nd:S-FAP)  laser  crystals.  An  average  size  of  tte 
powder  particles  was  approximately  equal  to  5  pm  The 
samples  were  pumped  with  (^-switched  fiequency 
doubled  Nd:YAG  laser  or  805  nm  CrLiCAF  laser. 

EjqrerimentaUy  we  analyzed  spectra  and  kinetics  of 
Nd  emission  at  low  and  high  pumping  densities.  All 
experinrents  were  carried  out  at  room  tenqrerature.  We 
found  that,  after  the  pomp  energy  exceeds  some 
threshold  value,  both  the  kinetics  and  the  spectra  of  Nd 
luminescence  change  very  dramatically.  Above  the 
threshold,  the  luminescence  spectrum  narrows  down  to 
a  single  line,  the  measured  value  of  the  full  width  at  half 
height  (FWHH)  equal  to  2  A  was  limited  by  the 
monochromator.  Figure  1  shows  the  transformation  <£ 
the  spectrum  in  the  NdAl3(B03)4  powder  with  increase 
of  pumping  intensity.  The  spectraify  narrow  light  was 
emitted  in  one  or  several  short  puls«.  In  NdAl3(BC)3)4 
the  duration  of  the  pulses  varied  fiom  >300  ps  to  >1.3 
ns  (Fig.  2).  The  other  materials  studied  demonstrated 
similar  behavior.  As  is  typical  for  most  lasers,  the 
dq)endenoe  of  the  stimulated  emission  intensity  fiom 
the  powder  on  the  punq)  energy  is  as  presented  in  Fig. 
3. 
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Figure  1.  Emission  spectrum  of  NdAl](60i)4  powder  a) 
below  the  threshold  (■>30  mJ/cm^)  and  b)  above  the 
threshold  (»240  1063.1  nm. 

The  threshold  energy  density,  the  threshold  Nd 
excited  state  concentration,  and  the  threshold  gain  at  the 
transition  in  the  three  powder  sart^les 
studied  are  summarized  in  Table  1.  The  energy  levels 
diagram  of  Nd^  ions  is  presented  in  Fig.  4. 

An  qiparentty  similar  emission  behavior  we 
observed  imder  pulsed  H-sai^hire  pumping  (808  nm, 
20  ns)  in  polished  plane-parallel  samples  of  Nd;GV04 


Figure  2.  Pulses  of  stimulated  emission  fiom 
NdAl3(E03)4  powder  1)  near  the  threshold  (200 
mJ/cnf),  2)  at  x»1.6  times  threshold  energy,  3)  x=1.9, 
4)  x-3.9. 


Pumping  Energy,  J/ an* 

Figure  3.  Erqxrimental  dependence  c£  the  intensity  of 
stimulated  emission  in  NdAl3(B03)4  on  the  pun^> 
energy,  X=1063.1  nm. 

(Nd=0.9%,  2.8%)  and  Nd«La,.,Sc, (803)4  (x=0.1,  0.25). 
Short  and  very  intense  emission  spikes  were  (^served 
in  both  materials  when  Ti-saiq>hire  laser  was  tuned  to 
the  mayinnim  of  Nd  absorptiort  In  both  crystals  the 
ratio  of  the  spike  intensity  to  the  intensity  of  the 
succeeding  “regular”  luminescence  was  ^roximately 
equal  to  10^.  Above  the  threshold,  the  dependerioe  of 
spike  intensity  on  pung)  energy  was  practically  hnear. 
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NdAl3(BO,)4 

NdSc3(B03)V 

NdxLsi  •xSc3(B03)4 

Nd;S-FAP 

Nd  concentration  in  100% 
doped  sample 

5.3x10”  cm'’, 

Ref^ 

5.1x10”  cm'’  in 
NdSC3(B03)<., 

Refs. 

1.68x10”  cm’. 

Ref 

^yi  life-time 

20  ps.  Ref.  ’ 

N(K1-10%): 

LaSc3(B03)4 118ps 
NdSc3(BCH)4  24ps, 

Refs.  *•’ 

298  ps.  Ref. 

Wavelength  of  the 
maximum  emission  cross 
section 

*1.063  pm 

Ref.“ 

1.0615  pm, 

(our  measurements) 

1.059  pm. 

Refs.  ’®>“ 

emission  cross 

section 

10x10'”  cm’. 

Ref.’ 

Ndo.|La).»Scb(BC>3)4 

Ellx,  13x10'“  cm^ 

Elly.  9x10  ’®  cm’. 

Elk,  5x10’“  cm’. 

Ref.  •, 

avera^  over  differert 
polarizations;  9x10'’“  cm’ 

Ellc,  5.4x10''*  cm’, 

E±c,  2.4x10  '*  cm’ 

Refs.  1®-“ 

averaged  over  different 
polarizations; 

3.9x10'*  cm’ 

Absorption  cross  section  at 
the  pump  wavelength 

EUc  3.3x10'”  cm’ 

Ellc,  2.6x10”  cm^ 
(X=532  run);  Ref.  *3 

Elli,  5.1x10'”  cm’, 

Elly,  4.2x10'”  cm’. 

Elk.  2.4x10'”  cm’ 

(X=532  nm);  Ref. 

Ellc.  2.26x10  '*  cm’ 

Elc,  0.7x10  '*  cm’ 

(X=805  run);  Ret  *® 

Absorption  coefildent  of 
the  powder  (averaged  over 
different  polarizations) 

*15cm'‘ 

(X=532  run,  100%Nd) 

*20  cm' 

(X=532  run,  100%  Nd) 

*55  cm'' 

(>.=805  nm,  2%Nd) 

Threshold  puxnp  density 
(in  the  powder) 

560  rrJ/cm’ 

(X=532  run) 

170  mJ/cm’ 

(A,=805  run) 

Threshold  Nd  excited  state 
concentration 

7.5x10"  cm’ 

2.8x10'“  cm’ 

3.64x10'*  cm’ 

Threshold  gain 

*7.5  cm'' 

«2.5  cm’* 

=15.7  cm'' 

Table  1.  Spectroscopic  data  on  NdAl3(B03)4,  NdxLai.xSc3(B03)4,  and  Nd:S-FAP  laser  crystals.  (In  N<lcLai.xSc3(B03)4 
the  most  of  data  are  avaiM)le  on  low  Nd  doped  crystals.  The  change  of  the  crystal  symmetiy  at  >50%  Nd 
concentration  influence  some  of  spectroscopic  parameters.) 


Similar  laser-like  effects  in  the  emission  from  small 
single  crystals  of  NdAl3(BQ3)4  were  reported  in  Ref. 

To  compare  the  behavior  (£  spiked  emission  horn 
powders  to  that  fiom  single  crystals,  we  studied 
polished  and  unpolished  plates  of  the 
Nd(2%);S-FAP  single  crystals,  and  small  (®lmm’) 
single  crystals  of  NdAl3(B03)4  and  NdScsCBOs)^  (Table 
2);  we  also  studied  a  thin  layer  of  NdAl3(BC)3)4  powder. 
As  follows  from  Table  2,  three  factors  help  stimulated 
emission  to  occur;  1)  r^reciably  large  pumped 


volume,  2)  preparation  of  the  material  in  the  powder 
form  (scattering),  and  3)  polished  plane-parallel  sur&ces 
in  the  bulk  crystals  (feedback).  (Note,  thk  the  last  result 
is  different  from  that  of  Ref  where  the  reflections  cff 
the  ceU  walls  did  not  decrease  but  increased  the 
threshold  in  the  dye+powder  gain  scattering  medium). 

To  determine  the  portion  of  the  energy  stored  at  the 
level  ^F3n  went  to  the  stimulated  emission  channel,  we 
studied  a)  the  kinetics  of  luminescence  at  the  ^3«-»^l9/2 
transition  during  the  stimulated  emission  pulses,  b) 
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Table  2.  Thresholds  of  the  stimulated  emission  in  the  powders  and  single  crystals  of  NdAl3(B03)4, 
NdxLai4iSc3(BQ3)4,  and  Nd:S-FAP  laser  crystals. 


Nd’* 


Figure  4.  Nd^  energy  levels  diagram,  excitation  and 
relaxation  processes  in  Nd^;  1)  -  pumping,  2)  - 
multiphonon  relaxation  populating  the  metastable  level 
^Fvi,  3)  radiation  and  multiphonon  relaxation  of  the 
level  *Fvi,  4)  stimulated  emission  at  the  transition 
5)  cross  relaxatioa 

analyzed  the  dependence  of  the  peak 
emission  vs  pump  energy,  and  c)  cortqrared  the  area 
under  the  stimulated  emission  pulses  and  residual 
spontaneous  emission  kinetics  from  the  level  ^F3/2. 
Cortdrining  the  results  of  the  three  measurements  above, 
we  estimated  the  quantum  yield  of  stimulated  emission 
to  be  rather  small,  -0.2%,  at  the  pump  energy  two 
times  greater  than  the  threshold  energy.  However, 
accounting  fw  the  small  pulse  duration  a[  the 
stinnilated  emission,  the  peak  power  (tf  the  stimulated 
emission  was  cottqramble  to  that  of  the  pump  pulses. 

We  then  turned  to  the  study  of  mixtures  of  the  two 
powders.  We  tried  -1/6  NdAl3(B03)4  and  -  5/6 

NdSc3(B03)4,  by  volume.  In  tte  mixtures,  the 
maximum  strong  luminescence  line  of  NdAl3(B03)4 


1061.5  nm  1063.1  nm 


Figure  5.  Image  ot  stimulated  emission  from  the 
mixture  of  -1/6  NdAl3(B03)4  and  -  3/6  NdSc3(B03)4 
as  it  iqrpears  on  the  screen  of  streak  camera  conn«^  to 
rrtonochrDmator 

(X=1063.1  tun)  was  practically  not  seen  under  the 
relatively  wide  line  ol  Nd&3(BC)3)4.  Above  the 
threshold,  however,  two  narrow  emission  lines  (1063.1 
tun  and  1061.5  nm)  ^^reared.  Their  thresholds  and 
relative  strengths  were  strongly  dependent  on  very 
small  variations  of  cotKentrations  of  the  components. 

Combining  the  streak  camera  with  the 
monochromator,  we  obtained  a  three-dimensional 
picture  (wavelength-time-intensity)  of  the  stimulated 
emission  in  the  mixture  of  two  powders.  Fig.  5.  When 
the  pump  energy  was  above  the  threshold  required  fer 
both  lines,  several  short  pulses  of  emission  ^^reared  at 
1063.1  run,  after  that  emission  jumped  to  1061.5  run 
which  gave  one  or  several  short  pulses,  depending  on 
the  pump  energy. 

In  a  one-cottqx>nent  medium  the  first  pulse  in  the 
series  was  always  the  strongest  orre.  Fig.  2.  In  contrast, 
in  the  mixture  of  two  powders  (see  Fig.  5),  where  ^ 
first  pulse  in  1061.5  nm  series  coincided  in  time  with 
the  last  pulse  in  1063.1  run  series,  the  first  1061.5  run 
pulse  was  strongly  danqred  and  weaker  than  succeeding , 
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—  -  opiums  w  aynanucs  ot  stimulated  emission  (a,  c,  f)  and  Tw  excited  state 

Pumping  density:  1000  mJ/cm^  in  a,b.  400  mJ/cm*  in  c.d.  and  200 
mJ/cm  (the  threshold)  mf,e.  Dashed  line -pump  pulse. 


pulses  of  the  same  series.  From  this  observation  w 
conclude  that  in  the  mixture  individual  components  do 
not  operate  independently.  This  also  inches  that  in 
one-component  medium  many  particles  behave 
collectively  to  produce  stimulated  emission  pulses. 

Comparison  of  experiment  and  theory.  Discussion 


The  threshold  behavior  cf  stimulated  emission  and  the 
short  emission  pulses  we  describe  by  a  simple  model 
accounting  for  the  Nd  excited  state  concentration, 
n.  and  emission  energy  density,  E,  in  the  pumped 
volume: 


dn_K(t)Na^  o  n  E 

- — pnN-- - co^n 


dt 

dE 


hv 


pump 


hv. 


E  n  ^ 

.  = - +  —  hv, 

dt  T2  X, 


+  Eccr, 


(1) 


Here  K(t)  is  the  punqi  power  density,  N  is  the  ground 
state  concentration  of  Nd,  a.iii  is  ^  absorption  cross 
section  at  the  punqi  wavelength,  am  is  the  emission 
cross  section  at  the  wavelength  of  stimulated  emission, 
hVp,„,p  is  the  photon  energy  at  the  pump  wavelength, 
hv„  is  the  photon  energy  at  the  emission  wavelength. 
Xi  is  the  life-time  of  the  level  *Fjn,  PN  is  tie  rate  <f 
cross  relaxation,  t:  is  the  effective  life-time  of  the 
photon  in  the  punqied  volume,  c  is  the  speed  of  light 

The  idea  behi^  Eq.  (1)  (to  watch  for  (tynamics  cf 
emission  energy  in  the  purrqjed  volume)  is  close  to  that 
of  Letokhov  6  who  calculate  threshold  for  stimulated 
emission  in  the  gain  scattering  medium  Equation  (1)  is 
also  similar  to  that  for  laser  relaxation  oscillations, 
where  X]  has  a  meaning  of  the  photon  life-time  in  the 
laser  cavity. 

In  the  numerical  solution  of  Eq.  (1)  we  used  the 
spectroscopic  parameters  close  to  that  in  the 
NdAl3(B03)4  experimenL  The  only  unkrxtwn  pranvfpr 
in  Eq.  (1)  was  X2,  the  effective  ptoton  life-time  in  the 
pumped  volume.  We  used  it  as  an  adjustable  pninirtpr 
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to  fit  the  experimental  enei]gy  thiesbold  and  found 
T]=10  ps.  At  n’=1.5  this  value  of  ti  conesponds  to  the 
average  2  mm  photon  path  in  the  pun^)^  medium. 
This  seems  to  a  reasonable  value  for  -I  nun  pump 
beam  cross  section  and  -0.7  mm  absorption  length  (in 
NdAl3(BC)3)4)  in  our  experiment. 

Tte  (^culated  ^namics  of  emission  ener;^ 
density  arxl  *¥yi  exited  state  concentration  are  shown  in 
Fig.  6.  The  appearance  of  calculated  emission  pulses  is 
very  close  to  that  observed  erqrerimentally.  The 
analysis  of  excited  State  concentration  (fynamics,  n(t), 
shows  that  pulses  of  stimulated  emission  occur  when  n 
exceeds  some  critical  threshold  value,  practically 
iixlependent  of  pump  density. 

We  have  shown  that  the  calculated  threshold  of 
Emulated  emission  is  inverse^  proportional  to  the 
absorption  coefiBcient  at  the  pump  wavelength, 
kdM^NOite  (pump  efficiency),  emission  cross  section, 
Omb,  and  escr^-time  of  photon  fiom  the  pimqred 
volume,  ti  (photon  walk  len^  in  the  pumped 
volume).  Thus,  the  threshold  is  inversely  proportion 
to  the  small  signal  an^lification  along  the  effictive 
photon  path  in  the  pump^  volume.  This  result  is  in 
an  agiftpmert  with  our  e^qierimental  observations.  For 
lasers  the  deserfoed  threshold  behavior  is  obvious  and 
have  been  demon^rated  elsewhere. 

According  to  our  sinqrle  model,  {xqaration  of  the 
jcaityle  in  powder  form  and  polishing  of  suifoces  do  not 
produce  any  qredal  condition  necessary  for  stimulated 
emission  to  occur,  but  ortly  reduce  the  threshold  cf 
«H  mutated  emissioa  Short  pulses  of  stimulated 
emission  are  predicted  (and  obtained  experimentally)  at 
higher  but  Still  leason^le  puttqring  energy  in  excited 
crystal  without  atiy  scattering  and  reflection  feedback. 

Summary 

Room  ten^rature  stimulated  emission  was  found  in 
the  powders  of  NdAlsOBOj)^,  NdSc3(B03)4,  and 
NdrSFAP  laser  crystals  under  Q-switched  laser 
pumping:  when  the  punq>  energy  exceeded  the 
threshold  value,  Nd  emission  spectram  narrowed  to  a 
single  line,  one  or  several  short  (>300  ps)  emission 
pulses  appeared  in  response  to  the  pun^  pulse. 

Similar  behavior,  but  at  higher  ttosholds,  was 
found  in  single  crystals  of  the  same  materials.  However, 
no  stimulated  emission  was  obtained  in  a  monolayer  of 
powder.  Thus,  syrpreciably  large  pumped  volume  and 
long  paths  of  emission  photons  help  to  reduce  the 
threshold  of  stimulated  emission.  It  was  shown  that 
only  small  portion  of  excitation  stored  at  the  *F3n  Nd 
level  goes  to  the  stimulated  emission  chatuiel. 

Study  of  stimulated  emission  in  the  mixture  of  two 
powders  has  shown  that  differert  components  influettce 
each  other,  that  inqilks  a  collective  behavior  of  many 
emitting  particles. 

The  main  features  of  the  experimentally  observed 
short  pulsed  emission  were  described  with  a  simple 


model  accounting  for  the  excited  state 

cmioentration  and  emission  energy  density  in  the 
punqred  volume. 
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